Abstract: A novel, optical dispersion tolerant millimetre-wave radio-over-fibre system using optical frequency tripling technique with enhanced and selectable sideband suppression is demonstrated. 3 dB RCE penalties for multichannel WiMax transport was recorded after 40 km of fibre.
Introduction
The development of millimetre-wave (mm-wave) (30-300GHz, 60GHz band) fibre support transport networks to enable mobile network backhaul and pico-cellular wireless personal area network (WPAN) architectures with simplified antenna units are a vital component of next generation access networks [1] . For <1km distance between antenna units, compared to 5-10 km for current systems, simplistic base station architecture and high optical component reuse is necessary for cost effectiveness. For dispersion penalty mitigation at mm-wave frequencies, techniques like optical single sideband (OSSB) are used, which typically involve the phase and frequency locking of two optical sources separated by the millimetre wave frequency [2] or self-heterodyne techniques using a single optical source for both the carrier and data recovery [3] . One solution to overcome the bandwidth limitation of commercially available Mach-Zehnder Modulator (MZM) for high frequency operation is to use non-linearity induced optical frequency multiplication. In addition to complexity and power efficiency, a key important characteristic of any optical frequency multiplication technique is its robustness against fibre dispersion, which is offered by both OSSB and DSB-SC modulation. Both strategies rely on the suppression of sidebands; in OSSB the positive or negative odd harmonic are suppressed while in DSB-SC it is the optical carrier and the even harmonics. The robustness of both schemes against dispersion is limited by the finite extinction ratio (ER) encountered in practical MZMs. This paper demonstrates that the effect of the finite extinction ratio of the MZM on OSSB and DSB-SC modulation can be greatly reduced by using a Dual drive MZM (DD-MZM) cascaded with a phase modulator (PM). It is also demonstrated that such strategy enables efficient OSSB based radio frequency tripling with the capability to simultaneously transport 4 (or more) WiMax channels (or wide-band OFDM channels), with an average transmit RCE of -36.7 dB. Due to the high extinction ratio achieved it is demonstrated that this optical frequency tripling is robust against dispersion, presenting an RCE degradation of less than (3 dB) over 40 km of fibre.
Theory of operation
Optical millimetre wave generation techniques need to be wavelength agnostic to coexist with current access networks, hence the use of optical filters to achieve OSSB is not promising. Also, the use of low frequency optical components to generate high-frequency electrical carriers is desirable. The optical modulator used in this work uses a combination of a DD-MZM cascaded with an optical PM as shown in fig.1 . The optical field at the output of the PM can then be regarded as a sum of an ideal balanced modulator, with infinite extinction ratio and an extra phase modulation. The extra phase modulation, if combined with appropriate setting of modulation indices of DD-MZM and PM can interact destructively with the extra phase (φ) term arising from the MZ imbalance [3] and at φ=π/4, OSSB is generated as shown in [4] . However, by varying the bias, phase and modulation indices ratios, this configuration provides several interesting features, such as improved side band extinction, as is explored in this paper. Besides OSSB, other modulation modes can be obtained, like the conventional optical DSB-SC at φ=π/2. The flexibility of this configuration allows for fine-tuning the setup for optimized performance and selecting the optical harmonic to be suppressed. The modulation data in turn is present on these components as sidebands. At the receiver, this optical signal is square-law detected, and produces frequency components as a result of the beating of the optical signal. This up-conversion process by optical frequency translation also undergoes phase modulation, which remains unaltered through the nonlinearity of the optical transceiver. Due to this preservation of phase information of the translated RF, the signal can be wirelessly transmitted through the radio link. To generate useable 3rd order non-linear components, significantly high RF carrier power level is required at the DD-MZM and the PM modulator inputs. A 19.5 dBm,10 GHz RF carrier was split using a 3 dB coupler with one half fed to a variable electrical attenuator and a variable phase shifter to drive the PM and the other half was mixed with the WiMax signal. The combined electrical power level of the input WiMax channels was -32 dBm, established by the dynamic range and required modulation index of the system (before going in to optics, mixer and amplifier) and its effect on the attainable RCE. The up-converted WiMax signal was amplified by a 30 dB gain amplifier and applied to a 180 0 hybrid connected to the arms of DD-MZM, biased at Vπ=2.65 V. DSB-SC and OSSB with high extinction ratio, as shown in fig. 1 (iv & viii respectively) were generated by regulating the amplitude and phase of the RF carrier driving the PM. An EDFA was used to maintain -5 dBm input to a U 2 T PIN diode with 70 GHz bandwidth and slope efficiency of 0.6 A/W. After band-pass amplification of the photo-detected signal using a Miteq JS4-26004000-25-5p LNA, down-conversion was achieved using a double-balanced mixer. An Aeroflex receiver was used for demodulation and analysis of the WiMax channels. The SNR of the 4-channel WiMAX signal up-converted to 10GHz was in excess of 45dB ( fig. 1, inset ix) .
DSB-SC

System results and discussion
For the OSSB setup, measurements evaluated the dispersion induced signal fading for different fibre lengths, shown in fig. 4 . The tripled carrier at 30 GHz was dispersion tolerant. DSB-SC and OSSB configurations with no WiMax data, reached optical carrier and sideband suppressions >45dB ( fig. 1 (iii & vii) ); a 25dB improvement compared to typical DD-MZM based OSSB configurations [5] [6] [7] [8] . This translates to a lower spurious RF spectrum and higher SNR. Also, the phase imbalance due to asymmetry in the two arms of DD-MZM (when VDC1=VDC2) can be compensated and used advantageously to fine-tune the resultant phase to either suppress a side-band or the carrier to dynamically switch between OSSB and DSB-SC respectively. The measured optical channel penalty on the SNR of the WiMax signal was 25 dB (power budget in fig. 1 ). Optical modulation index for the DD-MZM was maintained between 0.3 and 0.4 to meet the -28 dB RCE requirement to transmit 64 QAM-2/3. Hence, the required 18 dB SNR (RCErequired = -(SNRrequired + 10)) was surpassed by 10 dB as the measured electrical 3rd harmonic (30 GHz) SNR for the system was 27.4 dB. The RCE for 10 GHz, 20 GHz and 30 GHz were measured for varying fibre lengths as shown in fig. 5 . For fibre lengths up to 25 km, the demodulated WiMax signal on the 30 GHz carrier achieves the -28 dB RCE required for 64 QAM-2/3. The 2nd harmonic 20 GHz performance is affected by dispersion fading. Sextupling can also be achieved, as previously demonstrated [9] with 25.8 dB OSNR, in the DSB-SC configuration enabling optical up-conversion to 60GHz using 10GHz components. Fig. 3 shows only a single pair contribution (dispersion tolerance) to 60GHz RF signal using a 10 GHz tone for modulation. The measured 15.75 dB relative OSNR for 60 GHz can be improved by using stronger RF carriers. 40GHz is achievable with this setup with relative OSNR >35dB and carrier suppression >50 dB, comparable to simulations with 20 GHz carrier and PM. 
Conclusion
In this paper we have reported frequency tripling by employing cascaded MZM & PM configuration to achieve >45 dB sideband suppression. The system has versatility to select DSB-SC or OSSB operation by varying bias, phase and modulation indices. The concept of multiband system and self-heterodyne reception can be implemented with higher accuracy and lower power. A simple feedback control, monitoring the power level of suppressed optical band can enable automatic optimisation of the bias, phase and attenuation in order to maintain high OSNR and hence the SNR of the overall radio-over-fibre link.
